Abstract-This paper addresses the leader-follower tracking problem of a four-wheel-steering robot subjected to nonlinear uncertainties. Two control laws have been developed, based on the adaptive sliding mode method and the adaptive input-output feedback linearization method. The proposed control schemes have been tested by means of simulations.
INTRODUCTION
Over the past four decades, extensive research has been carried out in the field of controls [1] . Navigation of autonomous mobile robots is widely recognized as a fundamental research issue in this field, and is of interest to many researchers. A number of different navigation techniques were developed during the past few years, and in present, these are being used for the purpose of navigation of autonomous robot systems. Leader-follower system is one such technique adopted by the robots as its method of autonomous navigation [2] .
The control of mobile robots has always been a challenging task due to a number of reasons. Component failures and the effect of external disturbances (also known as error or noise) may account for the undesirable behavior of such mobile robot control systems. These may cause heavy damage to the system components [3] . In practice, if some part of the robot malfunctions during operation, the follower robot will fail to follow the leader robot. In order to resolve and contain damage of the robots in such an event, a proper control system is required.
As a result of extensive research conducted during the past few decades, a number of approaches have been found that could be used to design an appropriate controller. One of the major approaches relies on the full-state feedback linearization method [2] . Another approach for controlling systems with actuator failures is based on the adaptive control method [1] . Back-stepping method is another very popular control method used for such control systems [4] . Among the many other available approaches, neural and fuzzy based systems are widely used [5, 6] . However only a few of these methods are actually implemented in real life, the inability to withstand external disturbances [7] being the main reason for the rejection of such controllers. Nevertheless, there are a few exceptions available that demonstrate good robustness against such uncertainties [5, 6, and 8] .
The scenario addressed in this paper contains an uncertain nonlinear four-wheel steering robot that works as the follower robot in a leader-follower system, which undergoes both known and unknown actuator failures. Two different control laws (sliding mode, feed-back law) are presented that enables the follower robot to guarantee robustness and to provide asymptotic tracking stability. The diagnostic information gathered from the robots sensors are used to generate the appropriate control input signal. It is worth mentioning that unlike many leader follower controllers, where the kinematic model is often used to design the control law, the sliding mode controller presented in this paper was designed by considering both the kinematic and the dynamic models of the robot to improve tracking performance [7] .
II. KINEMATIC MODEL OF THE FOLLOWER ROBOT
The kinematics of a four-wheel-steering vehicle can be described with the aid of the following diagram (Fig 1) . It is observed that the notations used in the subsequent set of equations have the following meanings. x and y represent the position of the robot reference point on the longitudinal axis of the robot. a f and a r are the distances from the reference point (o) to the front and rear axles. θ is the heading angle, γ f and γ r are the front and rear steering angles respectively, ν is the velocity of the reference point of the vehicle, ω is the Thus the kinematics of a four-wheel-steering vehicle can be described by the following set of equations.
III. DYNAMIC MODEL OF THE FOLLOWER ROBOT
By differentiating the kinematic equations explained above, we obtain the 2 nd order nonlinear vector differential equation of the mobile robot (four-wheel-steering vehicle). 
The following assumption needs to be considered, Assumption 2.1 There is always an operating steering system on the mobile robot to guarantee the controllability of the nominal plant.
Remark 2.1:
Note that kf and kr are two parameters indicating the working conditions of the steering system, which can take values of either 0 or 1. According to the equation (2.0) it is clear that if kf or kr becomes 0, the steering systems will fail.
The corresponding values of γ f and γ r will be 0, causing the vehicle to be stuck at some known angles.
Remark 2.2:
The situation where both steering systems are faulty at a given moment is not considered in this paper. This implies that kf + kr > 0, at all time. Now, allow the four-wheel-steering robot to face some uncertainties. In that case the dynamic equation (3.0) needs to be altered accordingly.
The unnecessary external disturbance D is assumed continuous and unbounded having matching dimensions. The presence of input disturbance Δ(t) is also assumed to be unbounded.
IV. LEADER FOLLWER ROBOT MODEL
In this paper we have considered the look ahead tracking scenario. The two mobile robots are assumed to be moving in a horizontal plane. The relative distance d and the relative angle are measured using the onboard sensors available in the mobile-robot vehicle. The leader robot's position d As illustrated in the above diagram the focus point, (Pr denoted by Z, is defined l meters away from the follower robot, where l is the desired spacing between the two robots. The following equations govern the relationship of the focus point to the center of the robot.
The corresponding first order equation was obtained by differentiating equation (4.2) with respect to time by using equation (2.0).
)
The performance of the leader-follower controller is measured by the output of the tracking error. The tracking error is required to asymptotically converge to zero as time tends to infinity to guarantee better tracking stability. The objective is to develop a control law to determine such that the follower robot tracks the leader, while maintaining the desired relative distance between the robots. The follower robot should not deviate away from the path taken by the leader.
We define the tracking error as follows: The control input U is chosen as:
With,
Let D be the estimator of ( ) ( ) ( ) ( ) ( )
max max ( )
Manipulate the equation (5.5) by adding the terms
which does not affect the system parameters. Thus we obtained the following equation: 
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Then the final equation turns out to be,
According to Lyapunov stability, the sliding variable asymptotically converges to zero, and on the sliding mode surface where 0 S = , the tracking error will also converge to 0. 2) that the following condition needs to be satisfied for the control signal to be bound to the sliding surface. det
This requires,
VI. ADAPTIVE INPUT-OUTPUT FEEDBACK LINEARIZATION

CONTROLLER
This section describes another tracking controller which is designed for the same application explained before. However, the disturbances considered here are assumed to be unbounded and constant. The controller is based on the feedback linearization method. This allows us to verify the accuracy of the previously developed sliding mode controller, and provides another approach to solve the problem addressed in this paper.
Problem formulation
The kinematic equation (2.0) suggests that is the input signal of the systems. Hence by considering the equation (4.2) and (4.4) we can determine the relative degree of the system.
The relative degree of the system is deduced to be one. The above equation (6.0) can be compared with the following general form of first order output illustrated below.
We assume the undesirable external disturbance considered in this system to be and the input disturbance to be with matching dimensions. The analysis hereafter is for the case where it is possible to write the total disturbance as,
so called matching conditions.
By using the following controller we can linearize the system from the input to the output.
Substitutes (6.0) to the error vector defined in equation (5.0), and subsequently add the external disturbances P and expand the error vector (5.0):
Where P is the estimator of the undesired disturbance P .
To match the above error vector, the control signal described in (6.2) needs to be altered accordingly, Let, Taking the first derivative of the above equation with respect to time and by substituting (6.6), we attain the following.
( )
The derivative of the Lyapunov function is less than 0, hence the stability of the controller is guaranteed.
Remark 6.1:
The control law is defined everywhere except at certain points where
VII. SIMULATION RESULTS
We have illustrated the effectiveness of the two proposed controllers by means of simulations. For the following simulation, the initial parameters were chosen as: The leader robot was assumed to be running with all its components operational. The follower robot will undergo actuator failures as illustrated in figure3. The two controllers designed demonstrated good tracking stability with the presence of both actuator failures and external disturbances. Several advantages of the proposed control scheme have also been pointed out. Robustness is one key issue addressed in this paper. Sliding mode controller demonstrates faster tracking error convergence compared to the feedback controller. Simulations examples were given in support of the proposed control systems. 
